The infrared intensities of the amide modes in N-methylacetamide (NMA) and poly(glycine I) (PGI) have been studied using ab initio dipole moment derivatives obtained for the peptide group in NMA and an empirical force field refined for PGI. Good agreement is found between the calculated transition moment magnitudes and directions of the amide I and II modes and experimental intensity and dichroism data. By analyzing the separate contributions of each internal coordinate to the total intensity, we are able to understand in detail the origins of the IR intensities of the amide modes. Besides demonstrating one approach by which IR intensities can be studied in complex molecules and polymers, our results also provide a basis for using IR intensities in structural studies of peptides and polypeptides.
INTRODUCTION
Much progress has been made recently in the theoretical study of infrared (IR) intensities. I It is becoming increasingly feasible to account quantitatively for observed intensities, particularly in simple molecules and highly symmetric polymers. For peptides and polypeptides, however, comparatively little attention has been paid to the calculation of IR intensities.
2 In recent years, we have developed valence force fields for polypeptides and demonstrated their high predictive capability for vibrational frequencies.
3 It is now appropriate to try as well to calculate intensities in order to enhance the validity and usefulness of normal mode calculations in structural studies of peptides and polypeptides.
.. Our goal is to derive a set of transferable parameters that, together with our empirical force fields, will yield reasonably reliable intensities of the amide modes. Because of the low symmetry of peptides, it would be extremely difficult to determine an accurate set of bond moment (electro-optical) parameters I from experimental intensity data. Our procedure, described in this paper, is first to calculate by ab initio Hartree-Fock methods the dipole moment derivatives afJ./asl with respect to the local symmetry internal coordinates of the amide group in N-methylacetamide (NMA); this is done for an isolated NMA molecule and for a model system ofNMA hydrogen bonded to two formamide molecules. The results are then compared with experimental data for NMA. In order to transfer these dipole derivatives to polypeptides, we invoke the group moment model used successfully by Snyder4 for n-paraffins. We test the transferability of the group moment derivatives by comparing with data on poly(glycine I). In future work we will examine other peptides and polypeptides; we also hope to do similar calculations on other model compounds such as amino acids to get the dipole derivatives for side chain groups.
a'This is paper No. 26 in a series on Vibrational Analysis of Peptides. Polypeptides. and Proteins. Paper No. 2S is Ref. 29 .
CALCULATIONS
For the undistorted NMA geometry, we chose the electron diffraction structure of Kitano et al. 5 with the angles in the methyl groups modified to tetrahedral values. The bond lengths (in A) and angles (in degrees) are as follows ("standard" peptide unit dimensions 6 in parentheses): CC = 1.520
(1.53), NC (carbonyl) = 1.386 (1.32), NC (methyl) = 1.469
(1.47), CO = 1.225 (1.24), NH = 1.002 (1.00), CH = 1.107, CCN = 114.1 (114), CNC = 119.7 (123), NCO = 121.8
(125), HNC (carbonyl) = Ito (123). Except for the HNC angle, the experimental structure is in good agreement with a recent ab initio optimized geometry.7 To obtain the dipole derivatives when both the CO and NH groups participate in hydrogen bonds, necessary for studies of pep tides in condensed states, we chose as a model system NMA complexed to two formamide molecules (Fig.  1 ). The formamide structure was the theoretical one· obtained by Sugawara et al. 8 using the 4-31 G basis set. The NH···OC group was taken to be linear, with an H···O distance of 1.85 A, and the complex has planar symmetry. We note that a linear hydrogen bond may not be the best approximation to actual structures. 9 The derivatives were calculated by displacing the atoms along S, the local symmetry internal coordinates of the CCONHC group. Table I lists these S coordinates; for brevity, the internal coordinates for the methyl groups and formamide are not shown. The positive directions of the out-ofplane bends and the torsion coordinates are defined as in Ref. to. The Cartesian axes are oriented as in Fig. 1 , with X along C 2 -N. Cartesian displacements corresponding to each internal coordinate distortion and satisfying the Eckart conditions were obtained byll X = A S where A = M -IE (BM -IE )-1; B is defined by S = B X andM is the matrix of atomic masses. The derivatives were evaluated by numerical differentiation:
. 
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We used a version of the OAUSSIAN76 program system 12 that we further modified to run on a VAX 11/780. Because of the well-known basis set dependence of dipole moments and dipole derivatives, we tested several standard basis sets on formaldehyde, formamide, and NMA. The results for the static dipole moment Po and the derivative ap/ arco are shown in Table II , together with some gas-phase experimental data. The reference geometry for formaldehyde was the optimized one for each basis I3 • 14 ; that for formamide was the 4-31G geometry8; the experimental structure was used for NMA.s We see that the minimal STO-3G set underestimates Po and ap/ ar co' while the 4-31 G and 6-31 G sets significantly overestimate these quantities. The 3-21G set 14 is clearly the best, consistently giving values between those of the smaller and larger bases.
FlO. 1. Structure of N-methy1acetamide-formamide complex used in ab initio calculations.
We computed dipole derivatives for the NMA monomer using both the STO-3G and 3-21G basis sets. For the NMA-formamide complex, we used only the STO-3G set. Then, using the STO-3G results, we scaled the 3-21 G derivatives for NMA to what may be expected to be 3-21 G derivatives for the complex as follows:
Only the magnitudes were scaled; the directions of the derivatives were kept the same as the 3-21G monomer values. Hence- 
• Atoms numbered as in Fig. 1. b Positive: C moves in + z. 
RESULTS
The results for the dipole moment derivatives ap./as l are given in (def) derivatives also tum out to be sizable. The CO in-plane bend (ib) derivative is much larger than that for CO out-ofplane bend (ob), but the converse is true of the NH ib and NH ob derivatives. The STO-3G values for the NMA monomer agree quite closely with the 3-21G results in many cases (CC str, CN str, NH str, and CO ob), but there are large differences in others [CO str, CNC def, and CN torsion (tor) ). The tendency for STO-3G derivatives to be smaller than the 3-21G values holds in all cases except for the CN str and CO ob deriva-tives, which, however, are virtually identical in the two bases. Although the magnitude of the STO-3G CO str derivative is much smaller, the direction of this derivative is close to the 3-21 G value. Clearly, the changes in dipole derivatives with increase in basis set size are not uniform for all internal coordinates.
In going from the isolated molecule to the complex, some STO-3G derivatives increase in magnitude (CC str, CN str, CO str, NH str, NH ib, and CN tor), while the others decrease. The large increase in the NH str derivative is especially notable. A similar increase was calculated by W 6jcik et al.15 for the NH str derivative in the formamide dimer. Except for the CCN def derivative, there are only small changes in the directions of the aIL/as; on complexation; this provides some justification for our keeping the 3-21 G directions unchanged when scaling from NMA to the complex. (In this scaling procedure, the CN tor derivative had to be given special treatment because of its very small magnitude in the monomer with the STO-3G set; we decided to carry over unchanged the STO-3G value for the complex to the 3-21G level.)
To summarize our results on aIL/aS;, we show in Fig. 2 the directions and relative magnitudes of the 3-21G derivatives for the complex with respect to the nine in-plane coordinates. (The vectors for the CN str and CO str derivatives have been drawn at half their lengths for convenience. All vectors are arbitrarily centered on the CO carbon.) It can be seen that the derivatives with respect to bond stretches are closely parallel to the respective bonds, and that the CO ib and NH ib derivatives are approximately perpendicular to the CO and NH bonds, respectively. The CCN def and CNC def derivatives are nearly parallel to the CN bond.
DISCUSSION
In this section we compare our results on aIL/as; with experimental data; this will be done both qualitatively and quantitatively. To do so we need to transform these derivatives to the normal coordinate basis:
(1) L is the eigenvector matrix defined by S = L Q. The integrated IR intensity of the ath mode is then given by (N is Avogadro's number and c the velocity of light)
The L matrix is obtained from a normal mode calculation using an appropriate force field.
N-methylacetamlde
Because no force field for NMA has emerged as being clearly the best based on frequency data alone, we tried several empirical force fields that give fairly good agreement between observed and calculated frequencies for NMA; these are the poly(glycine I) (PGI) force field ofOwivedi and Krimm (OK), 16 and the NMA force fields ofMiyazawa et al.
(MSM),17 JakeS and Krimm (JK),18 and Rey-Lafon et al. (RFG) . 19 We will see that the OK force field gives the best agreement with intensity data; the force constants are given in Table IV , expressed in the local symmetry coordinates of Table I . (Much better frequency agreement was obtained for NMA when an NH olrCN tor interaction term in the PGI force field was set equal to zero.) Because we are interested mainly in the amide modes at this time, the normal mode calculations were done on NMA with the CH 3 groups taken to be point masses. Contributions by the methyl group coordinates to the eigenvectors for the amide modes are expected to be small and, moreover, the group moment derivatives in n-paraffins with respect to the CH 3 deformation coordinates were found empirically to be small. 4 The resulting sets of alL/aQ are given in together with a spectrum ofliquid NMA (capillary film). It is seen that there is good qualitative agreement: the three strong peaks (NH str, amide I and II) are followed by three peaks of decreasing intensity (amide III and the two skeletal stretches); next comes the strong amide V, and then the weak amide IV followed by a stronger amide VI, and finally a weak deformation mode. The other force fields give similar trends in the intensities, except that the JK force field predicts a stronger amide IV than amide VI. Fig. 3 is not grossly in error. A more detailed look at Fig. 3 then indicates that the calculated NH str intensity may be too low. Of all the dipole derivatives, a .... lar NH is probably the most sensitive to the exact hydrogen-bonding geometry chosen in the calculation, and our choice of model may not be entirely appropriate in this respect. 9 The lower frequency ( < 700 cm -I) peaks are also too weak compared to the higher frequency bands, probably because the force fields are less accurate for this region where the modes are expected to be more highly mixed. All the force fields predict amide II to be stronger than amide I. The amide II band seems somewhat broader, so that its integrated intensity may indeed be larger than that of amide I. Nevertheless, while the various force fields agree closely in their amide I and II frequencies, they predict sig- Table VI ; the directions are measured from the CO bond in the plane of the peptide group, with positive angles toward the CC bond (clockwise in Fig. 1) . The calculated directions, following this convention, of the amide I-IV modes are given in Table VII The much lower intensity of amide III compared to amide II is seen to be due to the in-phase vibration of CN str and NH ib. The sign indeterminacy in the experimental transition moment direction [ + 96° or -60 0 ( + 120°)] makes it impossible to say which force field is best in this case since each gives a direction consistent with one of the two measured angles. All three force fields agree in showing that, because of the approximate cancellation of the CN str and and NH ib contributions, aJ.L/ aQ for amide III is determined mainly by CO ib and, according to the MSM results, CO str.
The amide IV band also owes its intensity to CO ib, but unlike the amide III, the smaller CC str and NC str components are in phase with CO ib, leading to subtraction instead of reinforcement. Hence the very low intensity of amide IV. Clearly the precise mixing of numerous coordinates in this mode is especially important, making it difficult to derive an accurate eigenvector empirically. The direction of aJ.L/aQ is predicted by each force field to be nearly the same as for amide III.
The amide V, VI, and VII modes involve the NH ob, CO ob, and CN tor coordinates, but because of the small aJ.L/ as for CO ob, the intensities of these modes depend on the other two coordinates. (Our discussion will be based on the DK results; the MSM force field is only for the in-plane vibrations, and we cannot be completely certain of how RFO defined their out-of-plane bending and torsional coordinates.) The amide V has 57% of its potential energy in CN tor and 38% in NH ob, but the contributions to iJp./8Q are 0.32 and 1.75 DA -I u-1/2 , respectively, in opposite directions. This difference in the character of a mode as measured by its potential energy distribution (PED) and by the contributions to its intensity shows that it may be useful to characterize a mode not only by its eigenvector (Cartesian and internal) and PED, but also by its intensity distribution. For the amide VI, CO ob accounts for 88% of the potential energy but contributes only 0.086 DA -I u -1/2 to the aJ.L/ aQ of 0.467 DA -I u -1/2. The NH ob and CN tor contributions are in the same direction for this mode; the JK force field, however, gives these components in opposite directions, resulting in the very low predicted intensity. The amide VII is another strong mixing ofNH ob (60%) and CN tor (31%), but owes its intensity almost entirely to NH ob (0.673 of a totalofO.736DA -I u-1/2 ). Finally, we should point out that because of the relatively simple mixing in the amide VI mode, it is not clear why our predicted intensity (peak 9 in Fig. 3 ) seems rather low. Possibly, the NH ob contribution should be larger, or aJ.L/as for CO ob is significantly underestimated. It has been found that in computing out-of-plane force constants in formamide, 8 a larger basis set was necessary than for the in-plane force constants. We calculated the dipole moment derivative with respect to CO ob in formaldehyde, and got a value of 0.256 D/rad with the 3-210 basis compared to an experimental value of 0.293 D/rad. 2s Whether the CO ob derivative in NMA is of comparable accuracy we cannot be sure at present.
Poly(glyclne I)
We now discuss the transferring of the derivatives aJ.L/ as; to POI. The transferability of group moment derivatives depends on two assumptions. First, analogous to the bond moment model, we neglect the effects on aJ.L/ as; of changes in charge distributions when a group is in different molecules; also neglected, in a zero-order group moment model, are the cross derivatives involving different groups, (aJ.Lg' / as fi(g# g'). (Note, however, that a group moment derivative implicitly includes some first-order bond moment derivatives.) The second asusmption involves the fact that a derivative aJ.L/ as; cannot be strictly transferable because the internal coordinate displacement S; is different in different molecules and isotopic species owing to the need for a small compensating rotation of the molecule to satisfy the Eckart conditions. 26 For a polar molecule this rotation results in a contribution to the dipole derivative that is proportional to the static moment. Because this rotational correction is also inversely proportional to the moments of inertia, as a first approximation it can be neglected in the case of peptides, especially in view of the large magnitudes of the dipole derivatives. (This neglect of rotational corrections is also im- plicit in our use of a six-body model ofNMA to obtain the L matrix.) One of the main advantages of the bond moment model, of course, is the isotopic invariance of bond moment parameters,26 but as we mentioned in the Introduction, this model is difficult to apply to peptides.
The dipole derivatives BJLIBQ for PGI using the 3-21G BJLIBS i (complex) and the eigenvectors ofDK I6 are given in Table VIII Table VIII. cm -I, it is difficult to make a meaningful comparison of the calculated and observed band intensities. CO. In these TDC analyses, the transition moment directions were chosen to be consistent with IR dichroism measurements (Table VI) . Our calculated directions for the amide I and II transition moments in PGI are given in Table  IX . It can be seen that our calculated a~/aQ are consistent in both magnitude and direction with intensity and TDC results, as well as with dichroism data. We may therefore have confidence in the projected values of (a~/ aQ )2 for amide I and II in Fig. 4 . It is apparent then that the NH str band is much better fitted in PGI than is the case in NMA, indicating that our hydrogen bonding model may be more representative of the situation in PGI, where the narrower and higher frequency NH str band suggests a weaker hydrogen bond, and where linearity is strongly suggested. 30 Because of the importance of the amide I and II modes in conformational studies of polypeptides and proteins, it is especially interesting that the intensities of these modes are fitted very well. Thus, the group moment parameters a~/aSi determined for NMA give even better results when transferred to PGI. This can be explained by the fact that the eigenvectors for PGI are obtained with a refined force field. With the help of Table IX , which shows the separate contributions L ia la~/ aS i I to a~/ aQ for amide I, II, and III, we can try to understand why the fit is better for PGI.
The decomposition of a~/ aQ for amide I is very similar fortheAu andBu modes. Comparing with the DK results for NMA, we see that the larger magnitude of a~/aQ in PGI, and the larger angle from CO are due to the larger CN str and smaller NH ib contributions. Moreover, there is a new sizable CO ib component which, unlike in the RFG results, is out of phase with CO str; this difference in phase helps the rotation of a~/ aQ toward the C a C bond instead of toward theCNbond.
The amide II intensity decomposition is also very simi- (and also JK) force fields give an amide II in NMA in which the CO str is out of phase with CN str. Thus, the absolute and relative magnitudes and directions of the amide I and II transition moments are the result of a rather fine balance among the contributions from CO str, CN str, NH ib, and CO ib. In NMA we have seen that different force fields, all of which give good frequency agreement for amide I and II, can yield significantly different eigenvectors and, therefore, transition moment parameters. All these force fields have been shown to give good N-deuteration shifts, but the significant difference is that the OK force field was also refined to fit IS N isotope shifts in PGI. As Abe and Krimm 10 pointed out, the difference between the CO str and CN str force constants is sensitive mainly to the IS N shifts of the amide I and II modes. These two force constants determine the mixing of CO str and CN str in amide I and II. For instance, if we adjust}; in Table IV Thus, we conclude that the optimization of the OK force field for IS N shifts as well as deuteration shifts in PGI results in more correct eigenvectors not only for PGI but also for NMA. The additional improvement in the calculated intensities of amide I and II in PG I occurs because of the use of TOC force constants, leading to better frequency agreement and stronger mixing of CO str and CN str in these modes. 
CONCLUSIONS
In this paper we have demonstrated one approach by which infrared intensities can be studied in complex molecules and polymers. We have shown that ab initio calculations at the Hartree-Fock level with a relatively small basis set are capable of giving dipole moment derivatives that are quantitatively correct.
The group moment derivatives calculated for N-methylacetamide were transferred to poly(glycine I) where, because more reliable eigenvectors were available, the agreement with observations was even better in the case of the important amide I and II modes. By examining the separate contributions of each internal coordinate to the total intensity, we have been able to understand in more detail the origins of the IR intensities of the amide modes. These results provide a basis for using IR intensities in structural studies of peptides, polypeptides, and proteins, as we will try to show in future work.
Our results on NMA and PGI have shown the effectiveness and transferability of the empirical PGI force field of Owivedi and Krimm,16 and the importance of including transition dipole interaction force constants for the amide I and II modes. The significant differences in relative and absolute intensities obtained with different force fields, all of which give good frequency agreement, show that intensity data can be used in refining empirical force fields or in choosing between different sets. In complex molecules, ab initio group moment derivatives may be used for this purpose.
